Two-phase flows present a wide variety of applications for spacecraft thermal * Corresponding author https://ntrs.nasa.gov/search.jsp?R=20000058172 2020-03-12T09:16:49+00:00Z on a force balance, and two different detachment mechanisms are identified. When the gas momentum is large, the bubble detaches fi'om the injection orifice as the gas momentum overcomes the attaching effects of liquid drag and inertia. The surface tension force is much reduced because a large part of the bubble pinning edge at the orifice is lost as the bubble axis is tilted by the liquid flow. When the gas momentum is small, the force balance in the liquid flow direction is important, and the bubble detaches when the bubble axis inclination exceeds a certain angle.
show that the process of bubble formation and detachment depends on gravity, the orifice diameter, the gas flow rate, and the liquid cross-flow velocity. The data are analyzed based 1.
INTRODUCTION
The power requirements for current and future space missions are increasing due to rising power demand. More efficient thermal control systems for space application are therefore needed to handle the increasing power requirements. Two-phase flow thermal control systems provide effective thermal transport in spacecrat_ (Eastman et al. 1984) , which is due to the higher latent heat of vaporization of fluids compared to their sensible heat. Two-phase the space station. Understanding the behavior of dispersed bubble in micro-gravity includes the understanding of bubble formation, detachment and the forces involved in affecting these two processes.
Due to the absence of the buoyancy force, detachment of bubbles exhibits some differences in microgravity. One method to help detach forming bubbles is to apply a cross-flow where the induced drag force strongly contributes to the bubble detachment (Kim et al. 1994) .
Several investigators have studied the bubble generation and detachment from submerged nozzle under full gravity and in still or moving fluid. Kumar and Kuloor (1970) work, the buoyancyforce is the mostdominantin inducing detachment of bubbles.
In low gravity, the force of buoyancyis muchreduced,andas a result,bubblescangrow larger than the pipe or channel hydraulic diameter, thereby forming a Taylor bubble, especiallywhen producedusing smallgasflow rates. PamperinandRath(1995) havestudied the bubbleformation from a submergednozzle in a still fluid under low gravity conditions andfound that detachment occursbeyonda critical Webernumberwhich is definedin terms of the gasvelocity. The crossflow of liquid assistsin the detachment processaswas shown by Kim et at (1992 Kim et at ( , 1994 who developed a theoretical model based on the force balance to predict the bubble diameter at detachment from a nozzle submerged in a cross-and co-flow of liquid. Bhunia et at (1998) Although bubble generation by submerged nozzle injection has been extensively studied, emphasis has not been given to the problem of wall bubble injection using gas flow rates that fall in the quasi-static regime under low gravity conditions. Wall injection of bubbles differs from nozzle injection in the presence of liquid cross-flow in some important respects. As illustrated in Fig. 1 , in the case of wall injection the bubble motion is restricted by the wall.
Under certain conditions a part of the bubble surface in the downstream side touches the wall, which means that the bubble is not completely anchored at the orifice.
In addition, the way the bubble is attached to the nozzle tip (assuming that the nozzle wall thickness is much smaller than the inner diameter) is different from the way it is attached to the orifice corner.
Those differences
are not very important when the bubble moves mainly in the direction of injection, as in the case of bubble generation in normal gravity with no or weak liquid crossflow. However, they become important in reduced gravity with a cross-flow as the bubble tends to move in the downstream direction, affecting the bubble formation process significantly.
In the present work, bubble generation and detachment via wall injection is experimentally studied in order to understand the underlying physical process that governs bubble detachment under low gravity conditions and in the presence of liquid cross-flow.
The gas flow rates considered in this study fall in the quasi-static regime.
Based on the data and scaling analysis, the bubble generation process is delineated.
Ground Flow Loop

EXPERIMENTAL SETUP
The bypass loop was also established in order to have better control on the liquid flow rates. The liquid was pumped into the channel and its flow rate was controlled. The syringe pump was then activated and allowed to run until sufficient pressure was built in the syringe in order to prevent any liquid back-flow into the syringe. Then a gate valve was opened to allow the air into the liquid cross flow. Two orifice diameters (Ds = 0.033 cm and 0.076 cm) were used (one at a time) for air injection into the liquid flow. The orifices were flush with the surfaces in order to reduce flow disturbances. A high-speed camera (nac 500 or nac 1000) was used to videotape the events of bubble generation and detachment. Figure 2 shows a schematic of the flow diagram of the ground flow loop.
Low-Gravity Two Phase Flow Loop
This flow loop is frequently used for two-phase flow experiments requiring low gravity (McQuillen and Neumann, 1995) . It consists of a liquid flow subsystem that is composed of a water reservoir made of acrylic material and fitted with a piston which is driven by air Flow visualization was accomplished using the same high-speed cameras used in the normalg experiments. Figure 3 shows the overall test arrangement schematically for the reduced gravity experiment.
EXPERIMENTAL PROCEDURE AND DATA ANALYSIS
The procedure for LGE was similar to the one applied for NGE. between the apex and valley of traveled parabolas is on the order of 2,500 to 3,000 m. The low gravity acceleration levels achieved by the DC-9 are between 0.01g and 0.001g during the low gravity periods.
Experimental Uncertainties
The experimental uncertainties are summarized as follows. The liquid flow rate in the channel was known to within 3% for the ground experiment and to within 5% on the twophase flow loop. The gas flow rate, provided by the syringe pump, was calibrated using two methods.
The first involved timing the syringe pump as the piston traveled the syringe length and discharged bubbles into a cross flow of liquid. The other was to discharge the air in an inverted graduated cylinder filled with distilled water and to time the discharge process.
Both methods used to calibrate the volumetric flow rate of air resulted in good agreement.
The bubble diameter at detachment was measured, as previously mentioned, using the NASA-GRC developedTRACKER system. The error involved in the measurement was small _ 2.5-5% and this was due to the uncertainty in determining the boundary of the bubble as the diameter was measured. This results in time intervals when bubbles are not produced because the pressure inside the piston chamber is building up to overcome the interracial pressure. When the pressure inside the piston becomes higher than the interracial and liquid pressures, the gas is ejected from the orifice. When the total ejected mass is integrated over the pressure buildup and bubble formation times, it comesout to correspond to the prescribed flow rate.
Average Gas Flow
As the orifice diameter is increased, the interracial tension pressure is decreased by the ratio of the orifice diameter. This reduces the pressure buildup time and makes the average flow rate very close to the prescribed flow rate.
Liquid Velocity Profile at Injection Site
The velocity profile in the test section was not measured. Instead, it was estimated using the theoretical work of Sparrow et at. (1964) for the hydrodynamic entrance region of pipes and ducts, which assumes that the initial profile is uniform and that steady state prevails. The derived velocity profile was used to evaluate the profile at the location of the various orifices along the channel length and to calculate the boundary layer thickness at these locations. 
RESULTS
AND DISCUSSION
I Important Forces
The bubble diameter at detachment is conditions and the gravitational acceleration. dependent on the flow geometry, the flow Specifically, it is known (e.g. Kim et al. 1994) that the bubble diameter (DB) is affected mainly by the following quantities. DN, UL, Qe,, pt., pg, l.g, Ps, g 
where CD is the drag coefficient. The Reynolds number for the liquid flow around the bubble is given as ReB = pL(UL*-UB) DB/laL. As will be shown later, the bubble shape remains nearly spherical during its formation in the reduced gravity tests, the velocity of its center in the y direction can be estimated as VB----½(dDgdt), where t is time. From the conservation of mass, we have rd6Dr_3=Qgt, so that dD_ddt=Qg/(rd2Dn2). Then, the liquid drag in the ydirection can be estimated as,
with the associated Reynolds number based on VB.
detaching, while that in the y-direction is attaching.
The liquid drag in the x-direction is
The drag coefficient CD is a function of Reynolds number.
The bubble Reynolds number
is less than 1000 in the present tests. As shown in our past modeling work (Kim et al. 1992; Bhunia et al. 1998 AS will be shown later, the change of relative velocity during the bubble formation is generally small in the present tests.
In that case, it can be shown that the liquid inertia force can be estimated as, .............................................................. (9) where CMc is the added mass coefficient.
Since the relative velocity is always negative in the present tests, the liquid inertia in the x-direction is detaching. The added mass coefficient CMc in the x-direction is set equal to 19/32 (Kim et al. 1994 ).
Using the bubble center velocity Vn in the y-direction given above, it can be shown that the liquid inertia in the ydirection is given as,
and it is attaching. (Kim et al. 1994) .
The value of CMc in the y-direction used in the present analysis is 11/16
In addition to the above forces, the bubble experiences a lift induced by the liquid shear flow in the present configuration.
Based on the lift force associated with a sphere placed in a uniform shear flow (Auton, 1987) , we compute the shear lift as,
The velocity gradient dUddy is estimated as 2UL/Dp in the present analysis.
Aboard the DC-9 aircraft the acceleration level and its direction change randomly during reduced gravity periods. However, the videotapes of bubble generation show that the bubble formation process was smooth in most cases. Although the g-jitter are partially responsible for the present data scatters (the repeatability of the measured bubble diameter at detachment is as large as + 10%), it did not interfere with the fundamental process of bubble generation.
Results from the NGE and LGE Experiments
We first present the results of NGE and then lead into the LGE results. Figure 5 shows the bubble diameter at detachment plotted against the superficial liquid velocity for two different orifice diameters in normal gravity. When there is no liquid cross-flow, the important forces are buoyancy and surface tension. When the bubble diameter is small, the buoyancy force is small so that the surface tension keeps the bubble attached to the orifice (called expansion stage). When the buoyancy force becomes larger than the surface tension, the main bubble portion elevates from the orifice but is still connected to the orifice by a neck. The bubble keeps growing until the neck is pinched off(called detachment stage). The bubble diameter increases with DN as the attaching effects of surface tension increase. We observe in Fig. 5 that the liquid velocity has negligible effect, within experimental data scatter, on the bubble diameter in the present experiments. Therefore, buoyancy is still the main detaching force under the present conditions. We chose this condition because with much reduced buoyancy in low gravity one would expect a much different bubble formation process.
The bubble diameters measured in reduced gravity are given in Fig. 6 . Generally, the bubble diameter in low-g is larger than that in normal gravity (Fig. 5 ) for a given nozzle diameter and gas volume flux. However, the difference seems to be smaller than what one would expect knowing that the bubble detaching force is much smaller in reduced gravity.
The reason will be given later.
Since the ratio of channel hydraulic diameter to orifice diameter is 2.8 or larger, the channel height does not constrain the bubble growth even for the largest bubble.
As seen in Fig. 6 , the bubble diameter for DN=0.15 cm is affected appreciably by both UL and Qeo but the bubble diameter for Dm_.033 em is affected less by them.
In fact, as will be discussed later, the bubble formation process for the tests with DN=0.033 cm and that for the tests with I_=0.15 cm are different, so the two eases are analyzed separately.
Tests with Dl¢=O. 033 cm-Dominant
Gas Momentum Flux Figure 7 shows some typical traces of the gas-liquid interface of an evolving bubble in normal and reduced gravity for DN=O.033 cm. In normal gravity (Fig. 7a) , the bubble center moves mainly upward due to buoyancy.
As can be seen in Fig. 7a , the bubble tends to spread along the wall in the beginning as it grows and thus its bottom is no longer anchored at the orifice. However, as the bubble increases its size, it rises quickly and the lower portion of the bubble becomes skinnier, forming a so-called neck.
During this neck forming process, the contact line at the wall moves back toward the orifice. The neck is eventually pinched off while it is anchored at the orifice. Therefore, the attaching surface tension force is nearly equal to noI_ at detachment. In reduced gravity (Fig. 7b) , the bubble motion is still mainly upward (in the direction of gas injection). The bubble is pushed upward by the gas momentum, but its magnitude for the conditions of Fig. 7b is about 5 % compared to buoyancy in normal gravity. Consequently, the bubble in Fig. 7b does not rise rapidly and no well-defined neck appears in reduced gravity.
The bubble detaches simply as it is pulled away from the wall. One can then infer that the final bubble is formed alter the expansion stage and there is no appreciable detachment stage in reduced gravity. This suggests that the final bubble size can be determined from the balance of attaching and detaching forces at the end of expansion stage. Generally, the bubble grows substantially in the detachment phase in normal gravity as additional gas is pumped into the bubble through the neck. For that reason, without the detachment phase in reduced gravity, the bubble does not become much larger than that in one-g, as observed in the present experiments.
A detailed mechanism of bubble detachment will be discussed after analyzing the important forces in the process.
One important feature of the tests with Ds--0.033 cm is the relatively high gas flow rate.
Then, it can be shown that the most important force is the one caused by the gas momentum.
The gas momentum is the main detaching force in the y-direction. The ratio of liquid inertia to gas momentum in the y direction ranges from 0.4 to 0.9 at detachment in the present tests but larger when the bubble is smaller. The expanding bubble also experiences an attaching liquid drag force in the negative y direction. Based on the expressions for various forces given earlier, the ratio of the liquid drag to the liquid inertia in the y-direction is given as 3/8(Cr/CMc). The ratio is about 0.5 to 0.9, so the liquid drag cannot be neglected. The liquid inertia and drag forces are both attaching, and decrease with increasing bubble size since they are inversely proportional to DB 2. In contrast, the gas momentum (pgQgZ/(rd4Ds')) remains constant during the bubble formation. Consequently, the bubble center is eventually lifted upward by the gas momentum.
On the other hand, when the bubble is small, the liquid inertia and drag forces are relatively large, pushing the bubble towards the wall and causing the bubble to spread along the wall in the early stage of development, as seen in Fig. 7 . The present data show that the average bubble center velocity in the x-direction, Us, is nearly equal to the local liquid velocity (UL*). This deems the shear lift force unimportant since the latter depends on the difference (UL*--UB).
The bubble is also pushed in the x-direction by the combined force of liquid inertia and drag.
Since the bubble is attached to the orifice, this combined force tilts the bubble-centeraxis in the downstream direction. However, the net displacement of the bubble center in the x-direction during the whole bubble formation process is less than the bubble radius at detachment.
In that situation, the bubble detachment from the orifice does not come from the force balance in the x-direction, as will be discussed later.
As for the detachment mechanism, when the gas momentum becomes larger than the (Fig. 6) Clearly, the force balance in the x direction is now more important in the bubble generation and, consequently, the details of detachment mechanism are expected to be different from the aforementioned mechanism for DN=0.033 cm.
The ratio of liquid inertia to drag in the x direction is about 20 % or smaller, so although the liquid drag is the most important detaching force, the liquid inertia cannot be neglected when Qg is large. The bubble center motion in the x-direction is slow compared to the local liquid cross-flow velocity, so that the relative velocity in the liquid drag expression is taken to be just UL* in the following analysis. Also, since the Weber number based on the local liquid velocity and the bubble radius, 0.4 or smaller, is larger than those in the tests with Ds=0.033 cm, the bubble shape is still nearly spherical but slightly more distorted.
The bubble diameters at detachment for various values of Q8 and LIT. are presented in Fig.   9 . The dependence of the bubble diameter at detachment on Qg and UL is also shown in Fig.   6 . Unlike the result for Ds=0.033 cm, the bubble diameter is now a function of Q8 and UL.
The fact that DB is strongly affected by UL suggests that the liquid drag is very important in the detachment, which is consistent with the above scaling analysis. Figure 9 shows that DB generally increases with increasing Qg and the effect of Qs increases with decreasing UL.
Those trends will be analyzed later.
Figure 10 depicts various bubble shapes during formation in reduced gravity. We define the bubble front side as the gas-liquid interface that is upstream of the bubble center. This makes the bubble backside as being the interface that is downstream of the bubble center of mass. We see from those traces that as the bubble grows, the bubble axis is tilted by the liquid flow. Then, when the bubble axis is tilted by a certain amount, the bubble bottom is pinched off starting from the front side and the bubble detaches from the orifice. The angle of inclination of the bubble axis at detachment is shown in Fig. 11 as a around the tip more than it can around the orifice rim.
In terms of the force balance in the x-direction, the combined liquid drag and inertia is the detaching force and the only attaching force is the surface tension force, so they must be balanced at detachment. For that reason, the ratio of the sum of the liquid drag and inertia to surface tension at detachment is plotted against Qs for three values Of UL in Fig. 12 . The data tend to scatter, however it is clear that the ratio does not depend much on the liquid velocity but is mainly a function of Qg. The ratio generally increases with increasing Qg, which is consistent with the trend of Fig. 9 . It seems that the ratio becomes nearly constant, about 0.3, when Qg is large. Kim et al. (1994) and dpis the bubble axis inclination angle from the local vertical (y-axis), and = xo 'ONg(¢)......................................................................... (l S) where is smaller than about 0.1 cm3/s is analyzed below.
As for the force balance in the y-direction, the main force in the positive y-direction is the shear lift, which is opposed by the surface tension force. The surface tension force in the ydirection at the time of detachment can be estimated based on Eq. (15). The forces computed based on the present data show that the ratio of the lift force to the surface tension force at detachment is about 35% or smaller, which means that the bubble detachment does not come from the force balance in the y-direction.
The fact that the detachment becomes easier with decreasing Qg (Fig. 12) In order to show that the trend of Fig. 9 can be explained by the liquid inertia, the data in Fig. 9 are plotted now against the ratio of liquid inertia to drag at detachment in Fig. 13 . Also, the surface tension force is modified by factor f(_) based on Eq. (13) in the figure. Figure 13 shows that the data can indeed be correlated by the ratio and that the net detaching force is reduced when the ratio is smaller than about 0.1. Although it is difficult to observe the bubble meniscus shape close to the orifice cleanly, the backside of the bubble seems to lose the orifice pinning edge in an early stage of development when Qx is small. This loss of pinning is responsible for the reduction in the surface tension force.
The fact that the loss of pinning occurs when the liquid inertia is small can be explained as follows.
Since the shear lift is proportional to DB 3, it is relatively small when the bubble is small. But, in the later stage it becomes important so that the bubble is pulled away from the wall by the shear lift, which helps to avoid the loss of pinning. . (13) , the net surface tension force is reduced by factor f(_b) when the bubble axis is inclined. Therefore, the ratio of the combined detaching force to the reduced surface tension force is given in Fig. 15 . As in Fig. 12 , no systematic effect of UL is detected, so only the effect of Qg is emphasized in Fig. 15 . The effect of Qg is represented by the ratio of liquid inertia to drag at detachment as discussed earlier. 
